Introduction
The central role of protein-protein interactions 1 in all biological processes, and in particular defective pathways, renders them as attractive, but until recently, intractable targets for molecular intervention. 2, 3 Achieving high affinity recognition of protein surfaces 3, 4 represents a starting point for the development of competitive inhibitors of protein-protein interactions (PPIs), hence the design and synthesis of receptors that bind to the solvent exposed surface of proteins is an area of important current investigation. 3 Whilst a significant number of receptors for protein surfaces have been described, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] including ligands capable of selective recognition 6, 7, 14, 16, 17 and inhibition of target protein-protein interactions, 8, 10 structural studies 18, 19 and the structural consequences [11] [12] [13] [20] [21] [22] of binding are less well-documented. Proteins are dynamic, continuously undergoing folding and refolding; 23 ligand binding changes this equilibrium as evidenced by natural biological systems which exploit this feature in the form of chaperones that can "fold" a given protein following synthesis and also "unfold" a protein prior to degradation. 24 Thus, the potential for protein-surface receptors to stabilise a native conformation or interact with non-native conformations 25 to effect protein function represents a fundamentally different approach (than for competitive PPI inhibition) to modulate biological function. 9, 26, 27 We 6,14 and others [28] [29] [30] previously reported a series of ruthenium-based receptors for protein-surface recognition. Our studies have illustrated that the sensing of proteins can be performed by following the emission of the ruthenium tris-bipyridine core and that selective recognition of equine cytochrome c (cyt c) can be achieved in comparison to a series of other proteins. 14 Furthermore, we have shown that the affinity towards protein targets is dependent upon the geometrical arrangement of ligands around the ruthenium core (fac/mer). 6 The current paper describes our studies on the effect that binding of these receptors has on the conformational stability of cyt c. We illustrate that receptor 1 specifically destabilizes cyt c and does so in a potent and dose dependent manner, recreating some of the essential features of chaperones.
Results and discussion

Binding properties of ruthenium based receptors
The synthesis and binding affinities of ruthenium(II) tris bipyridine receptors 1-3 have been previously reported ( Fig. 1 ). 14 Briefly, receptor 1 was shown to bind selectively to cyt c with nanomolar affinity, K d ∼ 2 nM ( pH 7.4, 5 mM sodium phosphate) as evidenced by luminescence quenching upon titration of the ruthenium-based receptor with cyt c. The interaction was shown to be specific and selective as evidenced by the absence of binding towards 60% acetylated cyt c (K d > 30 μM) and much weaker binding towards lysozymea protein of comparable pI/surface composition ( conditions of the experiment. Compound 2 was shown to bind cyt c with much lower affinity (K d ∼ 23 nM) whereas compound 3, which is charge mismatched with the target protein, did not bind (K d > 30 μM) as predicted. Experimental data point to an interaction of 1 with the haem exposed edge of cyt c; notably, a large reduction in the rate of ascorbate oxidation is observed consistent with blocking the approach of this small reducing agent. This is additionally supported by the aforementioned titration with 60% acetylated cyt c; this randomly acetylated protein preparation has its surface exposed basic residues capped by the acetyl modification and is therefore incapable of participating in strong electrostatic interactions. The majority of lysine residues in cyt c surround the haem exposed edge ( Fig. 1b ).
Structural consequences of binding
To probe the structural consequences of binding the ruthenium receptor to cyt c, we performed circular dichroism (CD) experiments. CD is a useful technique for studying the secondary structural composition and stability of biomacromolecules, in particular, for giving a diagnostic signature for secondary structural components of peptides and proteins. At 25°C, cyt c exhibits minima at 222 nm and 210 nm consistent with its high α-helical content ( Fig. 2a ). Addition of an excess of receptor 1 does not change the circular dichroism spectrum in the 300-200 nm region ( Fig. 2a ) indicating that supramolecular interaction between receptor 1 and protein does not result in observable conformational changes. In contrast the thermal melting profile of cyt c is dramatically affected by the presence of receptor 1 (Fig. 2b) ; normally a very thermally stable protein (T m ∼ 87°C), the melting temperature of the protein is reduced by 25°C (T m ∼ 62°C) as a consequence of receptor binding. To determine if this effect was dependent on molecular recognition between protein and receptor we performed a titration of cyt c with 1 at 70°C (Fig. 2c ). This temperature is below the point at which thermal unfolding of cyt c is observed in the absence of 1 and hence represents an ideal temperature at which to ascertain if the reduction in T m observed for the thermal melt derives from molecular recognition. As expected, titration of cyt c with 1 at 70°C results in a dose dependent decrease in the circular dichroism spectrum. Curiously when the change in signal at 222 nm is plotted against the concentration of 1, the response saturates at 0.5 equiv. of 1, i.e. 2 unfolded proteins bind to 1 at 70°C. An accurate estimation of binding affinity is not possible on the basis of this titration as K d is much smaller than the concentration at which it is possible to perform CD experiments. The behaviour is distinct from that seen with porphyrins which bind with increasing stoichiometry to cyt c as it unfolds, 11 although ruthenium complexes of this nature have been shown to bind with different stoichiometries to different proteins. 30 To study the specificity of the denaturing abilities of 1 we performed melting experiments with 2 and 3 alongside different proteins. Compound 3 binds with no appreciable affinity to cyt c and had no effect on the CD spectrum of cyt c at 25°C (see ESI †) or its melting profile ( Fig. 3a) . Similarly, compound 2 did not affect the CD spectrum of cyt c at 25°C, but in contrast to 3, it did affect the thermal melting profile (T m = 80°C) ( Fig. 3a) . This is consistent with the weaker binding affinity to the native state; the melting temperature of cyt c is diminished to a lesser extent (ΔT m = 7°C) in the presence of 2 than in the presence of compound 1 (ΔT m = 25°C). These data point to a specific interaction between 1 and cyt c as the origin of the conformational changes observed in the protein. For acetylated cyt c (T m = 65°C), compound 1 had no effect on the CD spectra at 25°C (see ESI †) or on the melting profile of the protein (Fig. 3b ). This suggests the destabilizing effect of 1 is specific for cyt c. The melting behaviour of lysozyme gave inconsistent and irreproducible results and is currently under further investigation.
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In rationalising the effects observed above, a number of additional points are worthy of note. At 25°C where the affinity of 1 for cyt c is K d = 2 nM, 14 a binding efficiency of 2 kJ mol −1 per carboxylate may be estimated, whereas for 2 with a K d = 23 nM, a binding efficiency of 4 kJ mol −1 per carboxylate may be estimated. This indicates that a significant proportion of 1 is redundant in terms of maximising non-covalent contacts with cyt c and is not surprising given the symmetrical nature of the receptor i.e. both faces of 1 cannot make contacts with a single cyt c molecule at room temperature. Comparison of 60% acetylated cyt c (T m = 73°C) with cyt c (T m = 87°C), reveals a difference in T m between the two proteins of ΔT m = 14°C 33 suggesting that the lysine residues play an essential role in maintaining the stability of cyt c. 33 It is noteworthy that P. aeruginosa cyt c which lacks lysine residues on its haem exposed edge is also less stable than equine cyt c. 9 Finally, the decrease in T m for cyt c in the presence of 1 (to ∼62°C) and the T m for 60% acetylated cyt c are both significantly lowered relative to cyt c. A hypothesis whereby interaction between the carboxylates of receptor 1 and the surface exposed lysines results in structural loosening 34 emerges (Fig. 4a) . Such an effect would be driven by entropy and thus manifested more prominently at higher temperatures. Similarly the different stoichiometries can be accounted for with this hypothesisat 
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Organic & Biomolecular Chemistry ambient temperature the stoichiometry is 1 : 1 whereas at higher temperatures more of the carboxylates in 1 can engage in multivalent interactions with two proteins both of which possess greater chain entropy in a ( partially) unfolded state (Fig. 4b) .
Ion mobility spectrometry-mass spectrometry
To study the effects of binding upon the structural properties of cyt c we sought additional techniques complementary to the spectroscopic methods described above. Electrospray ionisation-mass spectrometry (ESI-MS) gives rise to a series of multiply charged ions from which the molecular mass of a protein can be calculated. In general, a higher number of charges on an ion indicates the more unfolded nature of the protein in solution, and vice versa. Ion mobility spectrometry-mass spectrometry (IMS-MS) is a technique that has been used to measure the molecular mass and also to study the collision cross-sectional area (Ω) of proteins in a single, rapid experiment. [35] [36] [37] [38] Notably, measurements on cyt c have shown that it adopts a range of conformational states under different conditions and that different charge states can adopt a number of conformational states. [37] [38] [39] Binding of the receptor 1 to cyt c does not result in any change to the charge state distribution in the mass spectrum indicating that folding of cyt c in solution is not perturbed which is consistent with the room temperature CD experiments, however, changes to the crosssectional areas of the protein in the gas phase indicate that the complex can remain bound to and access multiple conformational states (Fig. 5 ). This is most pronounced for binding of the complex to the +7 charge state of cyt c; in the absence of receptor, two conformational states are adopted (1565 and 1716 Å 2 ) with the latter more prominent, whereas in the presence of receptor 1, two lower cross sectional areas are observed (1344 and 1523 Å 2 ) with the former now the more prominent. The cross-sectional area appears to be reduced, at least in the gas phase, as a consequence of protein surface recognition. This may be considered surprising, however in prior studies of cyt c, the +7 and +8 charge states exhibit a range of crosssections consistent with a transition to a less compact protein conformation with increasing charge. 37 A plausible hypothesis here is that binding of the ruthenium receptor retards this gas phase property by mitigating the effects of charge repulsion.
Overall the IMS-MS data support the CD data that indicate that the cyt c remains folded at room temperature in the presence of receptor 1.
Trypsin proteolysis
Having (a) shown binding of the receptor (1) to cyt c lowers the melting temperature of the protein and (b) observed receptor binding to multiple conformational states in IMS-MS, we postulated that binding of the ruthenium receptor 1 to the surface of cyt c might affect the rate of proteolysis. Trypsin itself is unfolded and therefore inactive at the temperature where unfolding of cyt c is promoted by 1, however, although no effect on secondary structure is evident from the CD studies at ambient temperature, accelerated proteolysis might still be observed under these conditions. As CD spectroscopy reports on gross secondary structure, the experiments described above do not necessarily report on the accessibility of residues within loops etc. whilst if the rate of folding transitions is affected, proteolysis could be accelerated because it represents a thermodynamic sink. Indeed, proteolysis of cyt c is accelerated in the presence of stoichiometric and sub-stoichiometric quantities of 1 ( Fig. 6 and ESI †). Fig. 6 illustrates that the proportion of digested peptide fragments after 1200 min is greater in the presence of 1. There is no evidence of a change in the preferred cleavage sites for cyt c in the presence of 1 which is consistent with a general increase in accessibility of cleavable residues. The difference in rate of proteolysis is evident after 120 min (see ESI †).
Conclusions
In conclusion we have reported that the ruthenium tris-chelate 1 perturbs the stability of its target protein-cytochrome c. 1 : 1 Binding between 1 and the native state of cyt c at room temperature is strong (K d ∼ 2 nM), but at higher temperatures specific dose responsive binding to an unfolded form of the protein is promoted, accompanied by a change in stoichiometry to 1 : 2 1 : cyt c. The effect is also specific for cyt c. In addition, receptor 1 can remain bound to more than one conformational state and can change the distribution of states of cyt c at room temperature in the gas phase as evidenced by IMS-MS. Finally, trypsin proteolysis of cyt c is accelerated in the presence of receptor 1. Overall, the results illustrate that Organic & Biomolecular Chemistry Paper solvent exposed protein surface recognition of cyt c by 1 causes changes to the conformational properties of the protein. Our own future work will focus on probing the generality of these observations with other protein-ligand interactions.
Experimental
General considerations
All reagents were purchased from Sigma-Aldrich or Alfa-Aesar and used without further purification unless otherwise stated. The synthesis and characterisation of receptors 1-3 was reported previously. 14 Non-covalent mass spectrometry and ion mobility spectrometry-mass spectrometry Samples in 10 mM ammonium acetate, pH 7.4 and standards in acetonitrile/water/formic acid (50/49/1; v/v/v) were analysed by Z-spray nano-electrospray ionisation (ESI)-MS using a quadrupole-IMS-orthogonal time-of-flight MS (Synapt HDMS, Waters UK Ltd, Manchester, U.K.) using gold/palladium coated nanospray capillaries prepared in-house. The MS was operated in positive ion mobility-TOF mode using an ESI capillary voltage of 1.5 kV, and cone voltage of 150 V. The source and desolvation temperatures were set at 80°C and 150°C, respectively. The nanoESI gas pressure was 0.1 bar, source backing pressure was 4.81 mbar. Trap collision energy was 21.8 V, transfer collision energy was 4.0 V and a trap bias of 20 V was used. For MS only measurements, trap and transfer argon gas pressure was 2.58 × 10 −3 mbar and the IMS cell nitrogen gas pressure was 2.79 × 10 −4 mbar. For IMS measurements trap and transfer argon pressure was 1.79 × 10 −2 mbar and IMS nitrogen gas pressure was 4.86 × 10 −1 mbar The IMS travelling wave speed was 250 m s −1 and the wave height was 6.2 V. Mass calibration was performed by a separate injection of aqueous sodium iodide solution at a concentration of 2 μg μL −1 . IMS drift cell calibration was performed by injection of denatured standard proteins horse heart myoglobin, equine cytochrome c and bovine ubiquitin at 10 μM concentration in acetonitrile/ water/formic acid (50/49/1; v/v/v). Reduced cross-sections (Ω′) were calculated from published cross-sections determined using conventional ion mobility measurements 40, 41 and were plotted against measured drift times (t D ). An allometric (y = Ax B ) fit was applied to the data. 38 Experimental cross-sections were determined after separate infusion of the analytes and measurement of the drift time centroid for each charge state signal. Data processing was performed using MassLynx v4.1.
Proteolysis experiments
10 μM solutions of cyt c in 10 mM ammonium acetate, pH 7.4 were prepared containing either 0, 0.2 and 2 equivalents of the ruthenium based receptor complex. Trypsin was added to a 
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Organic & Biomolecular Chemistry final concentration of 0.02 μg μL −1 . A control sample of 10 μM cytochrome c with no trypsin was also prepared. The samples were incubated at 21°C with shaking for the duration of the experiment. 10 μL aliquots of solution were removed from each sample at 15 s, 60 s, 120 s, 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 90 min, 120 min and 1200 min. The aliquots were diluted with 10 μL acetonitrile/water/formic acid (75/24/1 v/v/v) to quench the trypsin reaction ready for MS analysis.
Mass spectrometry of proteolysis samples 10 μL of each cyt c sample (5 μM) were analysed by Z-spray nano-ESI-MS using an orthogonal time-of-flight MS (LCT Premier, Waters UK Ltd, Manchester, U.K.) using a Nanomate autosampler infusion device (Advion Biosciences, Ithaca, NY, USA). The mass spectrometer was operated in positive TOF mode using an nanoESI capillary voltage of 1.5 kV, cone voltage of 20 V and nanoESI gas pressure of 0.4 psi. The source temperature was 80°C. Mass calibration was performed by a separate injection of aqueous sodium iodide solution at a concentration of 2 μg μL −1 . Data processing was performed using MassLynx v4.1.
